Traumatic brain injury (TBI) is a major clinical challenge with high morbidity and mortality. Despite decades of pre-clinical research, no proven therapies for TBI have been developed. This paper presents a novel method for pre-clinical neurotrauma research intended to complement existing pre-clinical models. It introduces human pathophysiology through the use of human induced pluripotent stem cell-derived neurons (hiPSCNs). It achieves loading pulse duration similar to the loading durations of clinical closed head impact injury. It employs a 96-well format that facilitates high throughput experiments and makes efficient use of expensive cells and culture reagents. Silicone membranes are first treated to remove neurotoxic uncured polymer and then bonded to commercial 96-well plate bodies to create stretchable 96-well plates. A custom-built device is used to indent some or all of the well bottoms from beneath, inducing equibiaxial mechanical strain that mechanically injures cells in culture in the wells. The relationship between indentation depth and mechanical strain is determined empirically using high speed videography of well bottoms during indentation. Cells, including hiPSCNs, can be cultured on these silicone membranes using modified versions of conventional cell culture protocols. Fluorescent microscopic images of cell cultures are acquired and analyzed after injury in a semi-automated fashion to quantify the level of injury in each well. The model presented is optimized for hiPSCNs but could in theory be applied to other cell types.
Introduction
TBI is a major cause of mortality and morbidity in the United States, causing around 52,000 deaths and 275,000 hospitalizations every year 1 . More than 30 clinical trials of candidate therapeutics for TBI have been conducted without a single success 2 . This uniform failure suggests that human-specific processes separate human TBI from the pathophysiology observed in commonly used pre-clinical rodent models.
The advent of hiPSCNs has created an opportunity to study neurotrauma in a human in vitro model. Drug screening with hiPSCN-based models may deliver results that are more predictive of clinical success than models employing rodent cells. Also, hiPSCNs can be genetically manipulated to isolate and study the effect of individual human genetic variants on pathology 3 .
The method described in this manuscript is designed to bring the unique advantages of hiPSCN-based disease modeling to neurotrauma. In vitro stretch injury models of neurotrauma are well established 4, 5, 6 with primary rodent cells and human neural cancer cell lines. Most of these models generate stretch by pneumatically loading a silicone membrane. This approach is effective in a single well format but has proven difficult to scale up to a multi-well format 7 . As a result, there has never been a high throughput screen for agents to treat stretch injured neurons.
In this model, the membrane stretches due to indentation from underneath with a rigid indenter. This approach has been shown repeatedly to generate clinically relevant pathology in vitro in single well systems 8, 9, 10 . Our recent work has shown that it easily scales up to a 96-well format while maintaining pulse durations on the order of tens of milliseconds 11 , which is the time domain of closed head impact events 12, 13 . In summary, the key advantages of this in vitro injury model are the 96-well format, the use of hiPSCNs, and the clinically relevant time domain of the insult.
7. Lower the plate to the zero-point (see steps 3.2.4-3.2.6). One-click the record button on the camera software so that it reads 'trigger in'.
Initiate the position tracker VI (step 3.4.4). 8. Turn on the bright diffuse axial light. Indent the plate as described in step 3.4.6. 9. Turn off the bright diffuse axial light. 10. On the camera control computer, find the 30-40 ms window of the recording in which the indentation occurs: drag the beginning and end arrows in the high-speed video play bar in the camera software. Click Save, set the name in the 'File Name' field, select 'TIFF' in the 'Format' field, and click on 'Save'. 1. Look through the .TIF-files for images of the least stretched (beginning) and most stretched (peak indentation) states. 2. To measure the height and width of the dots in both images, use Fiji to open the images of the least and peak stretch side-by-side. Using the default rectangular selection tool, click and drag to draw a box around a dot in the least stretch image. Measure the height and width with 'Analyze| Measure'. 3. Repeat for the dot in the same well on the peak stretch image. Repeat for the rest of the wells.
11. Calculate the Lagrangian strain in the x and y directions as follows: NOTE: Here, E xx is the Lagrangian strain in the x direction, E yy is the Lagrangian strain in the y direction, X is the width of the dot, Y is the height of the dot, f denotes the final image (i.e., the peak indentation image), and i denotes the initial image (i.e., the pre-indentation image). Average the two values to determine the strain in that well.
Plating the Cultured Cells
1. Autoclave the bins and ballast weights that will be used for sterilization. 2. Plasma treat the silicone-bottomed plates right-side-up for 60 s (see step 2.1). Immediately submerge the plates in sterile bins containing 70% ethanol for 15 min. 3. Submerge the plates in sterile phosphate buffered saline (PBS) in separate sterile bins for 30 min. 4. Aspirate the PBS from the wells. Only dry one plate at a time to prevent the wells from losing the plasma treatment.
Caution: Silicone bottomed plates provide less tactile feedback than rigid plates when pipetting and are more likely to block the tip of a pipette. 5. Add 100 µL of 0.1 mg/mL poly-L-ornithine (PLO) per well to the sterilized plates. Incubate at room temperature for 1 h. 6. Rinse the wells twice with 100 µL sterile PBS, leaving the second wash on the wells until the cell suspension is ready. 7. Remove the vial of hiPSCNs from liquid nitrogen storage using safety gloves and place on dry ice. Quickly transport the vial to a 37 °C water bath and thaw for exactly 3 min. Do not swirl the vial. 8. In a sterile hood, gently transfer the contents of the vial to a 50 mL conical tube using a 1 mL serological pipette. 9. Rinse the empty cryogenic vial with 1 mL of room temperature complete maintenance medium (media base + supplement). 10. Transfer the 1 mL of media into the 50-mL tube drop-wise at about one drop per second. Gently swirl the tube while adding. Add 8 mL of room temperature complete maintenance medium to the 50 mL tube at about 2 drops/s. 11. Cap the tube and invert 2-3 times. Count the cells with a hemocytometer. Compute the volume of the additional media required to dilute the cell suspension to 225,000 cells/mL. 12. Gently pipette the amount of media (calculated above) into the tube of cell suspension using a 25 mL serological pipette. 13. Add 10 µL of 1 mg/mL laminin stock per 1 mL of cell suspension with a 1,000 µL micropipette to achieve 10 µg/mL of laminin in the cell suspension. Aspirate up and down once with the tip used for laminin, then cap the tube and invert the tube once. 14. Aspirate the PBS from the plates, one plate at a time. Use a multichannel pipette to add 100 µL of the hiPSCN cell suspension to each well.
The wells have a culture area of 0.33 cm 2 , so the cell density per area is 67,500 cells/cm 2 . 15. Rest the plates at room temperature for 15 min after seeding to promote attachment. To avoid fan vibrations of sterile culture hood, place the covered plates on the lab bench. Incubate the cultures at 37 °C with 5% CO 2 . 16. Perform a full media change at 24 h, refilling the wells with 200 µL of complete maintenance media. Perform a half media change of 100 µL/ well every 2-3 days. 
Injuring Cultures

Representative Results
The stretcher device is capable of moving the stage repeatably with pulse durations as short as 10-15 ms depending on the amplitude of the pulse (Figure 2A) . The pulse amplitudes are highly repeatable, but the pulse duration varies by approximately 1 ms between repetitions. The actual pulse amplitude diverges from the prescribed pulse amplitude when a large number of wells are loaded, and the prescribed amplitude is high (see Figure 2B) . As the amplitude of stage displacement is increased beyond 3 mm, the actual displacement amplitude increasingly falls short of the prescribed displacement amplitude (see Figure 2B ). Careful alignment of the post block eliminates any trend in the membrane strain across rows or columns (Figure 2C) . At the 3.5 mm prescribed stage displacement amplitude (3.3 mm actual displacement amplitude) with 52 wells indented, the mean Lagrangian strain across all well locations was 0.451 (standard deviation of means for all locations = 0.051, mean of standard deviations for all locations = 0.065, n = 5 measurements per well). These results are presented here for completeness although some of them have already been reported
11 .
An optimal, uninjured culture will have few if any clumps of more than 5 cells. Neurites will be individual, long, slender, and curved with little or no sign of tension or beading ( Figure 3A) . Under ideal conditions, the viability of the cultures should closely approach the viability specified in the manufacturer's data sheet (typically 60-70%) and cultures on silicone should resemble those maintained on conventional rigid culture substrates ( Figure 3B) . Neurites may or may not be visible on a low power bright field microscope. Laminin concentration and cell density both influence cultures at baseline and after injury. Increasing the cell density increased the number and size of clumps that formed in culture. Increasing the laminin concentration often counteracted this effect ( Figure 3A) . However, increasing the laminin concentration too much blunted the sensitivity of the cultures to injury (Figure 4) . The optimal laminin concentration for uninjured cultures was 50 µg/mL of laminin (Figure 3) , but the optimal separation between the sham and stretch injured populations was obtained at 10 µg/mL of laminin (Figure 4 ). Higher laminin concentrations reduced the sensitivity of the cultures to injury at short time points (Figure 4) , but also improved baseline cell viability at longer time points (e.g., 7 days). In summary, it is worthwhile to optimize the laminin concentration for each experimental scenario.
Membrane strain, post-injury imaging time point, laminin concentration, and cell density all exerted a highly statistically significant main effect on the neurite length per cell (ANOVA, p <0.001). The effect of membrane strain on neurite length per cell had highly statistically significant interactions with post-injury imaging time point and laminin concentration (ANOVA, p <0.001) and a statistically significant interaction with cell density (ANOVA, p <0.05). Similarly, membrane strain, post-injury imaging time point, cell density, and laminin concentration all exerted a highly statistically significant main effect on cell viability (ANOVA, p <0.001). The effect of the membrane strain on cell viability had a highly statistically significant interaction with the post-injury imaging time point (ANOVA, p <0.001) and a statistically significant interaction with the cell density (ANOVA, p <0.05). These results prove that timing, cell density, and laminin concentration exert an important influence on the relationship between the applied insult and experimental outcomes, so each should be optimized carefully.
Low cell viability and beaded neurites, along with stunted neurite growth, indicate toxic culture conditions that can arise from improperly prepared silicone. Skipping or shortening the water soak or the oven dry can leave absorbed ethanol or water in the membrane, respectively, which can diffuse into the media and stress the cells. Well-injured cultures will have reduced cell viability, shortened or missing neurites, beaded neurites, and neurites that look taut or tensioned. Injury may induce clumping in cell cultures that were well-dispersed pre-injury. Large clumps can confound the morphological analysis. For morphological analysis, the injury level should be tuned such that noticeable changes occur, but cells are still present with some neurites.
Every effort should be made to provide a bright, white background behind the dot on the well bottom during strain characterization experiments. The better the contrast in these images, the easier it will be to automate the process of measuring the height and width of the dot, which can become tedious for a human operator analyzing a large experiment. High-speed videography of the bottom of a well in a 96-well plate presents challenges because the walls of the well tend to cast shadows. The use of a dome light or diffuse axial light that can illuminate along the line of sight of the camera without obscuring the image eliminates shadows or specular reflections that would arise with a conventional light source.
The brightest available light source should be used because bright illumination allows images to be acquired with a short exposure time. Short exposure times minimize motion blur. Upgrading the light emitting diodes (LEDs) in the diffuse axial light allows shorter exposure times during high-speed video acquisition. The LEDs can be upgraded by opening the diffuse axial light, removing the stock LEDs, mounting 4 high power LED arrays to the back pane using LEDs holders, connecting them to a constant current power supply, and reassembling the diffuse axial light (see Table of Materials for catalog numbers). The disadvantage of upgrading the LEDs is that the passively cooled LEDs cannot be kept on for more than a few seconds due to the risk of overheating. Therefore, a different light is needed for alignment of the post-block and camera adjustment.
The presented method of quantifying membrane strain by measuring the dilation of a dot stamped on to the membrane is relatively crude, but it can scale up to multiple wells in a robust manner. The strain field across the well bottom can be characterized in more detail using digital image correlation. This technique involves spraying a speckled pattern onto the base of the well and then imaging it at high-speed during deformation. Commercial software can then be used to quantify strain at every point in the image by tracking the evolution of the speckled pattern.
This protocol produces a multi-faceted, clinically relevant, stretch injury phenotype in hiPSCNs. Cell death, neurite degeneration, and neurite beading are all well-documented sequelae of TBI in humans and animal models 15 . The key to success in this model is establishing and maintaining healthy cultures. Generally speaking, a cell culture protocol developed with conventional rigid plates is a worthwhile starting point for stretchable plate culture. However, the possibility that the cells in question may respond differently on silicone must always be considered. This is particularly true of hiPSCNs, which are very sensitive to culture conditions. Some examples of optimizing cell density and laminin concentration are supplied in the Representative Results section (Figure 3, Figure 4) . Activation of the silicone with plasma treatment is vital. Silicone is hydrophobic and unreactive; in its natural state, it will not bind to laminin or other molecules used to promote cell attachment. Plasma treatment renders the surface hydrophilic and exposes reactive groups. These changes allow adhesion molecules to bind to the silicone and promote cell attachment. It is important to note that the plasma treatment effect dissipates within minutes unless the surface is submerged in liquid, and so procedures that involve drying the activated surface should be performed as quickly as possible. A simple way to check if the effect of plasma treatment has worn off is to place a droplet of water on the surface. On untreated silicone, the droplet will bead up whereas on plasma treated silicone, it will spread out. With the hiPSCNs that we used (see Table of Materials), the manufacturer recommends adding the laminin with the cell suspension rather than pre-coating. This protocol has incorporated this approach successfully. While segmentation can, in theory, be accomplished with open source software or general-purpose programming languages, a high degree of proficiency with these tools is required to obtain good results. Neurites are frequently difficult to distinguish from background signal because they are so slender. Therefore, we recommend the use of commercial software tools distributed by high content microscopy companies with dedicated modules for segmentation and quantification of neurons, if they are available. Even with commercial software, it is wise to export images of the segmentation to visually verify accuracy.
There are some limitations associated with working in stretchable plates compared to working with conventional, rigid plates. Stretchable plates can be imaged as normal with air objectives. However, imaging with immersion objectives is very difficult. Lens oil may damage the silicone. Additionally, the objective exerts pressure on the silicone membrane as it moves upwards. This pressure displaces the membrane vertically, making it difficult to bring the sample into focus. The silicone membranes currently used in fabricating the plates are approximately 250 µm thick. This thickness exceeds the focal distance of many high power, immersion objectives. Special care must be taken to lay the membranes perfectly flat before clamping to achieve the flatness required for microscopy. Autofocus systems can compensate for deviations in the flatness of the finished plate to some extent. Future versions of the protocol may pre-tension the membrane before it is bonded to the plate top to ensure flatness. The adhesive-free procedure for bonding the silicone membrane to the plate top 14 is considered an important strength of the current protocol. It eliminates the risk of neurotoxicity from the adhesive as well as any deviations in flatness due to non-uniform thickness of the adhesive layer.
Multi-electrode arrays are commonly used in experiments with hiPSCNs to assess their maturity and functionality. Unfortunately, these systems are incompatible with this model because the cell culture substrate is rigid. It is possible to create a stretchable multi-electrode array, although this has so far only been demonstrated in a single well format 16, 17 . Note that indenters can be removed individually from the indenter block so that some wells are not indented and can serve as shams. Removing the indenter prevents indentation but does not completely eliminate mechanical loading since there is still inertial motion of the fluid in the wells while the stage is moving. It is worth comparing these wells to wells in plates that were never subject to stage motion to measure any pathological influence of fluid motion. Also, the array of indenters in the block should be bisymmetric (symmetrical from front to back and side to side). This precaution ensures that the plate is evenly loaded during indentation, so that the stage does not tilt sideways and cause the rods to bind in their bearings.
One of the primary challenges to therapeutic innovation in neurotrauma is the complexity and heterogeneity of the condition. Trauma applies multi-modal stress to every cell type in the central nervous system simultaneously. Neurons have been reliably generated from human induced pluripotent stem cells (hiPSCs) and are now widely available from commercial vendors. Innovation is proceeding quickly in this field, and other neural cell types such as astrocytes 18 and microglia 19 are also being derived from hiPSCs. It may soon be possible to isolate the cell-autonomous responses of each of these cell types to trauma in vitro and then to co-culture different cell types to understand how they communicate after trauma. In this way, it may ultimately be possible to recreate the clinical challenge from the bottom up to thoroughly understand it in a human system. This approach is distinct from the conventional approach relying on rodent models and has the potential to generate novel insights that lead to the first therapies for this common, devastating, and intractable condition.
